Introduction
The primary component in fat and oil is triacylglycerol (TAG), which consists of one glycerol and three fatty acids. 1 The fatty acids bind to the glycerol backbone in TAG by ester bonds. Many kinds of fatty acid species exist in nature; therefore, the existence makes the TAG molecular species complicated, because many kinds of combinations among three fatty acids are formed in TAG. Furthermore, two kinds of binding positions for fatty acids exist on the glycerol backbone. One is outside positions, a primary alcohol group, on glycerol, and is called "a-position (corresponding to sn-1/3)". The other position is a center position, a secondary alcohol group, on glycerol, and is called "b-position (corresponding to sn-2)". These binding positions also need to be taken into consideration when a TAG structure is examined. 2 For example, in the case of TAG consisting of two kinds of fatty acids, "A" and "B", and two A and one B locate on glycerol backbone, two kinds of TAG molecular species, namely TAG locating A at b-position (AAB) and TAG locating B at b-position (ABA), exist. Though these TAGs consist of the same kinds and numbers of fatty acids, they are distinguished as a TAG positional isomer (TAG-PI).
It has been said that the characteristics of TAG on the digestion, absorption, and physiology are deeply related to the TAG structure, namely the TAG molecular species and TAG-PI. 3 To investigate the relations, many kinds of technologies, such as synthesis methods to prepare desired TAG molecular species and TAG-PI, separation methods for pairs of TAG-PI using silver ion chromatography and so on have been developed so far. [4] [5] [6] [7] However, the separation of TAG-PI is fairly complicated work, even by silver ion chromatography, known as being the most popular method, because the reproducibility is fairly low. Furthermore, the silver ion column does not endure. TAG-PI samples subjected to HPLC equipped with a silver ion column are normally eluted by n-hexane mixed with a small amount of acetonitrile. The acetonitrile gradually eliminates silver from the matrix of the silver ion column, and makes the lifetime of the column short. The elimination of silver also brings about a restriction of the detection method because the silver eluted from the column causes noise on the chromatogram. Therefore, it has been required that a method possessing high reproducibility be found and using a durable column for the separation and analysis of TAG-PI.
The separations of some of TAG-PI pairs were reported by Momchilova et al., who used HPLC equipped with four kinds of ODS columns. 8, 9 In these studies, good resolutions for six kinds of TAG-PI pairs consisting of two palmitic acids and one unsaturated fatty acid were reported using an acetonitrile-based eluent modified with alcohols or acetone and a non-endcapped ODS stationary phase, which was more effective for their resolution than an endcapped one. A polymeric ODS column was applied to the resolution of triacylglycerol positional isomers (TAG-PI), i.e. 1,3-dioleoyl-2-palmitoyl-glycerol (OPO) and 1,2-dioleoyl-3-palmitoyl-rac-glycerol (OOP), with a recycle HPLC system. To investigate the ODS column species and the column temperatures for the resolution of a TAG-PI pair, a mixture of OPO and OOP was subjected to an HPLC system equipped with a non-endcapped polymeric, endcapped monomeric, endcapped intermediate, or non-endcapped monomeric ODS column at three different column temperatures (40, 25, or 10˚C). Only the non-endcapped polymeric ODS column achieved the separation of OPO and OOP, and the lowest column temperature (10˚C) showed the best resolution for them. The other pair of TAG-PI, a mixture of 1,3-dipalmitoyl-2-oleoylglycerol (POP) and 1,2-dipalmitoyl-3-oleoyl-rac-glycerol (PPO) was also subjected to the system equipped with a nonendcapped polymeric or monomeric ODS column at five different column temperatures (40, 32, 25, 17, and 10˚C). Thus, POP and PPO were also separated on only the non-endcapped polymeric ODS column at 25˚C. However, no clear peak appeared at 10˚C. These results would indicate that the polymeric ODS stationary phase has an ability to recognize the structural differences between TAG-PI pairs. Also, the column temperature is a very important factor for separating the TAG-PI pair, and the optimal temperature would relate to the solubility of TAG-PI in the mobile phase. Furthermore, the recycle HPLC system provided measurements for the separation and analysis of TAG-PI pairs. affect the separations of the respective TAG-PI pairs. However, these studies did not take account of the other ODS stationary phase character, namely polymeric and monomeric ODS phases. Originally, the "polymeric ODS phase" comprises ODS layers produced from polymerization reactions of polyfunctional silane reagents (i.e., octadecyldichlorosilanes and octadecyltrichlorosilanes) with silica gel in the presence of trace quantities of water to cover a silica gel surface with polymerized octadecylsilane. In contrast, the "monomeric ODS phase" is prepared by the reaction of monofunctional silanes (i.e., dimethyloctadecylchlorosilanes) with silica gel under anhydrous conditions to cover the silica gel surface with a single layer of octadecylsilane. 10 Sander and Wise investigated the steric recognition ability of an ODS column for organic compounds. They examined the separation factor of planar and non-planar compounds using a mixture of polycyclic aromatic hydrocarbons (PAHs), dibenzo[g,p]chrysene (tetrabenzonaphthalene; TBN) and benzo[a]pyrene (BaP) on 25 different ODS columns, and proposed to classify the ODS stationary phase characters into three groups based on the value of the separation factor, aTBN/BaP, derived from the ratio of the TBN and BaP retention factors. The three groups were defined as polymeric-like (aTBN/BaP £ 1), intermediate (1 < aTBN/BaP < 1.7), and monomeric-like (1.7 £ aTBN/BaP), 11 and this idea is now being adopted by National Institute of Standard & Technology. The aTBN/BaP value is probably related to a steric recognition ability of the ODS column. However, the relationship between the aTBN/BaP value and the separation of the TAG-PI pair has not yet been examined. Therefore, a steric recognition ability of the ODS stationary phase for the separation of TAG-PI pairs was examined from an aTBN/BaP point of view in this study. Furthermore, the availability of a recycle HPLC system for the separation of TAG-PI pairs was also investigated.
Experimental
Reagents 1,3-Dioleoyl-2-palmitoyl-glycerol (OPO) and 1,2-dioleoyl-3-palmitoyl-rac-glycerol (OOP) were purchased from SigmaAldrich Japan K.K. (Tokyo, Japan). 1,3-Dipalmitoyl-2-oleoylglycerol (POP) and 1,2-dipalmitoyl-3-oleoyl-rac-glycerol (PPO) were obtained from Tsukishima Foods Industry Co. Ltd. (Tokyo, Japan). The structures of these TAG-PIs are indicated in Fig. 1 . Other reagents were purchased from Kishida Chemical Co. Ltd. (Osaka, Japan).
Preparation of working solution
OPO and OOP were dissolved in a mixture of 2-propanol and hexane (2:1, v/v), and their concentrations were adjusted to 2 mg/mL. Equal aliquots of OPO and OOP solutions were mixed, and the mixture was used as a working solution. Also, POP and PPO were dissolved in a mixture of 2-propanol and hexane (2:1, v/v), and their concentrations were adjusted to 6 mg/mL. The POP and PPO solutions were mixed at a ratio of 1:2 (v/v), and the mixture was also used as a working solution.
HPLC
The employed recycle HPLC system was consisted of a pump (PU712 for Recycle, GL Sciences Inc., Tokyo, Japan), a column oven (MO706, GL Sciences Inc.), a UV detector equipped with a semi-micro cell (UV702, GL Sciences Inc.), a recycle valve (HPV-Rc, GL Sciences Inc.), an injection valve equipped with a 50 mL sample loop (Model 7725, Rheodyne LLC, Rohnert Park, CA), and tandem jointed HPLC columns.
A mixture of acetonitrile, 2-propanol, and hexane (3:2:1, v/v/v) was used as the mobile phase. The flow rate, injection volume, and detection wavelength were 1.0 mL/min, 30 mL, and 205 nm, respectively. An HPLC analysis was continued for 250 min. The employed column temperatures were 10, 25, and 40˚C for the separation of OPO and OOP and 10, 17, 25, 32, and 40˚C for the separation of POP and PPO. The HPLC column was selected from a non-endcapped polymeric ODS column (Inertsil ODS-P; aTBN/BaP = 0. Table 1 . Results and Discussion Figure 2 shows chromatograms of an OPO and OOP mixture subjected to the recycle HPLC system equipped with ODS columns indicated in Table 1 . The results show that the separation of OPO and OOP was only achieved on a nonendcapped polymeric ODS column. Furthermore, the best separation occurred at 10˚C, and there was a tendency that lowering the column temperature improved the separation of the TAG-PI pair. This tendency was similar to the results on the separation of planar and non-planar compounds, reported by Sander and Wise. 12 The results in this experiments would mean that the polymeric ODS stationary phase has an ability to recognize any steric difference of the TAG-PI pair, and that the aTBN/BaP value affects the separation of not only planar and nonplanar compounds, but also a TAG-PI pair. The ODS groups of the polymeric ODS stationary phase would be arranged more closely than those of other kinds of ODS stationary phase, and the space between the ODS groups in polymeric ODS phase would be the narrowest among the ODS stationary phases used in this study. Therefore, it is likely that only a planar or linear structure can penetrate the space deeply, and interact with the ODS group strongly compared with a nonplanar or nonlinear structure. This phenomenon was referred to as a "slot model", explaining the cause of a different retention for planar and nonplanar polycyclic aromatic hydrocarbons (PAHs) on the polymeric ODS phase. 13 Palmitic acid is a saturated fatty acid, and the structure is linear. In contrast, oleic acid possesses one cis-type double bond in the structure, and is nonlinear. The polymeric ODS phase could recognize these steric differences and separate TAG-PI pairs as a result. Momchilova et al. discussed the effect of the non-endcapped ODS phase, namely remaining silanol groups, for the separations of five kinds of TAG-PI pairs consisting of two palmitic acids and one unsaturated fatty acid. 9 The polymeric ODS column (Inertsil ODS-P) used in the present study was a non-endcapped one, and therefore the TAG-PI pair was possibly recognized by non-capped silanol groups on the stationary phase in the column. To make this point clear, a non-endcapped monomeric ODS column (non-endcapped Inertsil ODS-3) was prepared, and observed the resolution of a mixture of OPO and OOP (Fig. 2D) . As a result, the mixture was not separated on the non-endcapped monomeric ODS phase. This result would indicate that the TAG-PI pair in this experiment was resolved by a polymeric ODS structure. Momchilova et al. used a nonendcapped ODS column, Superspher 100 RP-18 (Merck KGaA, Darmstadt, Germany), to separate TAG-PI pairs at low column temperature (18˚C). 9 In fact, this column was classified into an intermediate ODS column with aTBN/BaP ª 1.25 in subcritical fluid chromatography (SFC). This result means that this intermediate ODS column can act like a polymeric ODS column at low temperatures. Moreover, Sander and Wise reported that the selectivity for TBN and BaP by the monomeric ODS phase acts like a polymeric ODS phase at low temperatures. 12 They examined the aTBN/BaP values for two kinds of columns at several column temperatures from 100 to -20˚C, and showed that the lower temperature caused a better separations on each column. These results might explain the results of Momchilova et al. , that the separation of TAG-PI pairs by an intermediate ODS column, Superspher 100 RP-18, was carried out by not only an non-endcapped silanol group on the ODS column, but also the intermediate stationary phase worked like the polymeric ODS phase at low temperatures.
Furthermore, to confirm the applicability of this separation method, the other TAG-PI pair, POP and PPO, was subjected to the HPLC system equipped with the non-endcapped polymeric or monomeric ODS column (Fig. 3) . The separation of POP and PPO on the polymeric column was also attained at 25˚C. On the other hand, the separation degree of the initial peaks at 17˚C was almost similar to that of the peaks that were recycled five times at 25˚C. Further, though the peak shape was collapsed intensely, a high separation degree was obtained for initial peaks at 10˚C. From these results, a similar chromatogram to that recycled, repetitively, at 25˚C would be obtained without any recycle separation by changing the column temperature between 17˚C and 10˚C, or the composition of the eluent. In the case of a non-endcapped monomeric ODS column, POP and PPO were not separated at any temperature (Fig. 3B) . Mihara et al. reported that the peaks of the crystallization curves of POP, PPO and POO by a differential scanning calorimeter (DSC) were 13.7, 18.6, and -13.1˚C, respectively. 16 The TAG-PI separations on the polymeric column would relate to the solubility of TAG-PI in the mobile phase.
The elution order of each compound in a TAG-PI pair (OPO and OOP) was confirmed by the injection of standard samples (detailed data not shown). From these results, OPO and POP were found to be eluted ahead of OOP and PPO, respectively ( Figs. 2A and 3A) . As shown in Fig. 1 , OOP and PPO have structures in which two neighboring fatty acids are identical. Therefore, in this method, the ABA-type TAG would elute prior to the AAB-type TAG in the TAG-PI pair. This result was consistent with a report by Momchilova et al. 8, 9 However, the mechanism of this phenomenon was unclear, and further research using other kinds of TAG-PI pairs would be needed to clarify it. Since peak tailing was not observed in the result of a monomeric ODS column consisting of the same silica gel as the polymeric ODS column, modification groups presumably caused tailing of the peaks. The development of a column that improves the peak shape without lowering the separation ability should be a future task. As the other manufactural packing material, C30-type column (Develosil C30-UG, Nomura Chemical Co., Ltd., Aichi, Japan), which has so far been used for analyses of triacylglycerol molecular species, was also tested to separate POP and PPO, but the separation was not achieved (date not shown).
As preliminary experiments, seven kinds of eluents [mixtures of acetonitrile/2-propanol/tetrahydrofuran, acetonitrile/ tetrahydrofuran/hexane, tetrahydrofuran/2-propanol/hexane, acetone/2-propanol/hexane, acetonitrile/2-propanol/acetone, acetonitrile/ethanol/hexane, and acetonitrile/2-propanol/hexane (mix ratio was 3:2:1, v/v/v for all the eluent)], were tested for the separation of POP and PPO mixtures (data not shown). The peaks of POP and PPO were not observed in mixtures of acetonitrile/2-propanol/tetrahydrofuran, acetonitrile/ tetrahydrofuran/hexane, tetrahydrofuran/2-propanol/hexane, and acetone/2-propanol/hexane. Although separations of POP and PPO were achieved under three other conditions, the separation in acetonitrile/2-propanol/hexane was the best.
The recycle HPLC separation system can increase the theoretical plate number of the column, and has been mainly used for the fractionation of compounds having similar nature. However, as shown in this study, the system is also available for the separations and analyses of TAG-PI pairs. Probably, complete separations of TAG-PI pairs would be difficult by the usual HPLC system under the eluent condition that the target peak appears within several tens of minutes, even though it is equipped with a tandem jointed polymeric ODS column, because the theoretical plate number of the system is low compared with that of the recycle HPLC system. This recycle HPLC system leads the once separated and eluted compounds by a column into the same column after passing a detector; therefore, it is possible to increase the theoretical plate number of a column without increasing the column pressure by the recycle HPLC system. This idea could also be applied to other kinds of separation, such as a chiral column system.
Conclusion
HPLC separations of TAG-PI pairs were achieved on a polymeric ODS column using a recycle HPLC separation system. These results mean that the polymeric ODS stationary phase has an ability to recognize the structural difference between TAG-PI pairs. The column temperature was also a very important factor for the separation of TAG-PI pairs, and the optimal temperature was presumably related to their solubility in the mobile phase. However, the resolution of other kinds of TAG-PI pairs has not yet been examined. For making the recognition ability of the polymeric ODS phase for the TAG-PI pairs clear, further study would be required with other kinds of TAG-PI pairs.
